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ABSTRACT
We forecast astrophysical and cosmological parameter constraints from synergies between 21
cm intensity mapping and wide field optical galaxy surveys (both spectroscopic and photomet-
ric) over z ∼ 0−3. We focus on the following survey combinations in this work: (i) a CHIME-
like and DESI-like survey in the northern hemisphere, (ii) an LSST-like and SKA I MID-like
survey and (ii) a MeerKAT-like and DES-like survey in the southern hemisphere. We work
with the ΛCDM cosmological model having parameters {h,Ωm, ns,Ωb, σ8}, parameters vc,0
and β representing the cutoff and slope of the HI-halo mass relation in the previously devel-
oped HI halo model framework, and a parameterQ that represents the scale dependence of the
optical galaxy bias. Using a Fisher forecasting framework, we explore (i) the effects of the HI
and galaxy astrophysical uncertainties on the cosmological parameter constraints, assuming
priors from the present knowledge of the astrophysics, (ii) the improvements on astrophysical
constraints over their current priors in the three configurations considered, (ii) the tightening
of the constraints on the parameters relative to the corresponding HI auto-correlation surveys
alone.
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1 INTRODUCTION
Intensity mapping of redshifted emission lines (Bharadwaj et al.
2001; Loeb & Wyithe 2008) is a novel technique that has the po-
tential to perform precision cosmology by detecting the integrated
emission from sources across redshifts without resolving individ-
ual systems (e.g., Kovetz et al. 2019). Besides offering rich insights
into the physics of star formation history and the processes govern-
ing galaxy evolution (e.g., Wyithe & Loeb 2008; Wolz et al. 2016),
it has the ability to improve vastly upon the current measurements
of cosmological parameters (e.g., Bull et al. 2014), as well as place
competitive constraints on inflationary scenarios and physics be-
yond the standard model (e.g., Hall et al. 2013; Camera et al. 2013;
Pourtsidou et al. 2016a; Masui et al. 2010). The most well-studied
example of line-intensity mapping involves that of the redshifted
21-cm emission of neutral hydrogen (hereafter, HI) which arises
primarily in star-forming galaxies and the intergalactic medium at
low to moderate redshifts.
Using line-intensity mapping techniques in synergy with
other, more traditional and established tracers of large-scale struc-
ture is crucial to unlock the true potential of these surveys. It is
known that (e.g., Seljak 2009; Fonseca et al. 2015, 2017; Cam-
? Electronic address: hamsa@cita.utoronto.ca
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‡ Electronic address: adam.amara@port.ac.uk
era et al. 2015) cross-correlations of several individual tracers of
the cosmological structure often offer several significant advan-
tages over individual surveys. The systematic survey-specific ef-
fects are mitigated to a large extent, the noise in the surveys is re-
duced, and the foregrounds and contaminants of individual surveys
are, in most cases, uncorrelated and hence do not bias the cross-
correlation measurement. 1 The cosmic variance can be mitigated
in the measurement of some of the cosmological parameters (e.g.,
McDonald & Seljak 2009; Abramo & Leonard 2013).
To this end, cross-correlating 21 cm intensity mapping surveys
with optical galaxies offers rich possibilities into exploiting the
complementarity of both approaches. The first intensity mapping
detection of the redshifted 21 cm emission at z ∼ 0.53−1.12 with
the Green Bank Telescope (GBT) was made in cross-correlation
with the DEEP2 optical galaxy survey (Chang et al. 2013), and has
been followed up since then resulting an updated cross-power spec-
trum using the WiggleZ survey at z ∼ 0.8 (Masui et al. 2013) and
an upper limit on the auto-power spectrum (Switzer et al. 2013),
which was used to place the first intensity mapping constraints on
the product of the neutral hydrogen density and bias parameter.
Similarly, the cross-power spectrum between 2dF galaxies in the
1 However, we note that the presence of foregrounds may greatly increase
the variance, which is an important effect, and hence efficient foreground
cleaning or avoidance techniques are still necessary in order to isolate the
true signal.
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southern hemisphere and the Parkes HI intensity field at z ∼ 0
has also been measured recently (Anderson et al. 2018), offering
insights into the clustering of low redshift HI systems.
The auto-correlation power spectrum signal of high-redshift
21 cm in emission has yet to be observed, although there are sev-
eral experiments planned or in the final stages of commissioning to
achieve this goal. These include (i) the Canadian Hydrogen Inten-
sity Mapping Experiment (CHIME)2, (ii) the Hydrogen Intensity
and Real-time Analysis eXperiment (HIRAX)3, (iii) the BAO In
Neutral Gas Observations (BINGO; Battye et al. 2012), (iv) the
TianLai experiment (Chen 2012) and the Five hundred metre Aper-
ture Spherical Telescope (FAST; Smoot & Debono 2017), (v) the
Meer-Karoo Array Telescope (MeerKAT; Jonas 2009) and (vi) the
Square Kilometre Array (SKA) Phase I MID 4.
The optical surveys of key interest for cross-correlations with
the 21 cm surveys planned above include those with (i) the com-
pleted Dark Energy Survey (DES)5, a photometric galaxy survey
over z ∼ 0.5− 1.4, cataloging hundreds of millions of galaxies in
the southern hemisphere, (ii) the forthcoming Dark Energy Spec-
troscopic Instrument (DESI), a spectroscopic survey which will
target a few tens of millions of galaxies in the northern sky over
the redshift range z ∼ 0 − 3, measuring cosmological parameters
and the growth of structure through redshift space distortions, and
(iii) future galaxy surveys conducted with the Large Synoptic Sur-
vey Telescope (LSST)6, and the space-based Euclid7 spectroscopic
survey.
In Pourtsidou et al. (2016a), synergies between a MeerKAT
HI intensity mapping survey and photometric galaxies from the
Dark Energy Survey (DES) have been explored. Recent studies
(Jalilvand et al. 2019; Witzemann et al. 2019) have illustrated
the ability of HI intensity mapping (with SKA and HIRAX) in
cross-correlation with photometric galaxy surveys (such as DES
and LSST) to measure the gravitational lensing magnification. In
Carucci et al. (2017), the synergies between 21 cm SKA I MID and
the Baryon Oscillation Spectroscopic Survey (BOSS)-like Lyman-
alpha surveys have been presented, which can constrain the bias
of astrophysical systems. In Cosmic Visions 21 cm Collaboration
et al. (2018), various prospects for cross-correlating 21 cm intensity
mapping and optical surveys have been explored, including with
QSOs observed by the DESI survey. It has been shown (Chen et al.
2018) that a combining a CMB Stage 4-like survey with 21 cm in-
tensity mapping observations from a SKA I MID like survey cross-
correlated with DESI quasars can enable precise measurements of
the growth factor, and test the predictions of general relativity on
the largest scales. Witzemann et al. (2018) explore how synergies
between a SKA I MID like survey and a photometric LSST survey
can mitigate the effects of cosmic variance, enabling measurements
of the bias ratio at large scales up to ` ∼ 3, and Hall & Bonvin
(2017) illustrate how peculiar velocity effects can be constrained
using the dipole of the redshift space cross-correlation between
21 cm and optical surveys conducted with various experiments. In
Ballardini et al. (2019), the constraints for local primordial non-
Gaussianity has been studied with a SKA-like intensity mapping
survey in cross-correlation with photometric galaxy surveys (Eu-
clid and LSST) and CMB lensing.
2 https://chime-experiment.ca/
3 https://www.acru.ukzn.ac.za/ hirax/
4 http://www.ska.ac.za/
5 https://www.darkenergysurvey.org/
6 www.lsst.org
7 www.euclid-ec.org
In this paper, we build upon our previous forecasting analyses
in Padmanabhan et al. (2019, hereafter Paper I) which focussed on
auto-correlation 21 cm power spectra and extend these to the case
of measurement of the astrophysical and cosmological parameters
using a combination of 21 cm and optical galaxy surveys. We use
the uncertainties in the parameters coming from the combination of
current measurements to set realistic priors on the HI astrophysics.
We consider three sets of surveys in this work: (i) a CHIME-like
survey overlapping with DESI in the northern hemisphere, (ii) a
MeerKAT-like survey overlapping with DES in the southern hemi-
sphere and (iii) a SKAI MID survey overlapping with the Large
Synoptic Survey Telescope (LSST), again in the southern hemi-
sphere.
The paper is organized as follows. For modelling the HI dis-
tribution and density profile, we use the halo model framework in-
troduced in Padmanabhan & Refregier (2017) and expanded upon
in Padmanabhan et al. (2017, hereafter Paper II), which describes
the best fitting HI-halo mass relation and profile constrained by the
currently available data. The bias and redshift distribution of the
optical galaxies are modelled following the treatment for the par-
ticular survey under consideration. These frameworks are briefly
described in Sec. 2. Using the cross-correlation power spectrum
thus derived, we compute the relative errors on the astrophysical
and cosmological parameters under consideration using a Fisher
forecasting formalism for the three survey sets in Sec. 3. We com-
ment on the comparison of these predictions to those from the cor-
responding 21 cm auto-correlation constraints, and summarize our
conclusions in Sec. 4.
2 FRAMEWORK FOR FISHER FORECASTS
We use the halo model for neutral hydrogen (see Paper II) and build
upon our existing forecasts in Paper I, which had focused on the HI
auto-correlation surveys alone. The halo model framework consists
of a prescription assigning average HI mass to halo mass M at
redshift z, given by:
MHI(M, z) = αfH,cM
(
M
1011h−1M
)β
× exp
[
−
(
vc0
vc(M, z)
)3]
(1)
In the above formula, the free parameters are given by: (i) α, the
average HI fraction relative to cosmic fH,c, (ii) β, the logarithmic
slope which represents the deviation from linearity of the HI-halo
mass prescription, and (iii) vc0, which denotes the minimum virial
velocity below which haloes preferentially do not host HI.
To model the smaller scales in the HI power spectrum, we also
need a prescription for the profile of the HI as a function of radius,
halo mass and redshift, which is found to be well modelled by an
exponential function (Paper II, see also the observational results
from, e.g., Bigiel & Blitz (2012)):
ρ(r,M) = ρ0 exp(−r/rs) (2)
with the scale radius rs given by:
rs = Rv(M, z)/cHI(M, z) (3)
withRv being the halo virial radius and cHI being the concentration
parameter of the HI systems, which is analogous to the correspond-
ing expression for dark matter:
cHI(M, z) = cHI,0
(
M
1011M
)−0.109
4
(1 + z)γ
. (4)
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The HI profile thus introduces two more free parameters through
the concentration parameter and its evolution: (i) cHI,0 representing
the overall normalization and γ which encodes the evolution of the
function with redshift. In order to compute the nonlinear HI power
spectrum, we need the Fourier transform of the profile function,
given by:
uHI(k|M) = 4pi
MHI(M)
∫ Rv
0
ρHI(r)
sin kr
kr
r2 dr (5)
which allows us to write the power spectrum for HI intensity fluc-
tuations as the sum of the 1- and 2-halo terms:
PHI(k, z) = P1h,HI + P2h,HI (6)
with
P1h,HI(k, z) =
1
ρ¯2HI
∫
dM n(M) M2HI |uHI(k|M)|2 (7)
and
P2h,HI(k, z) = Plin(k)[
1
ρ¯HI
∫
dM n(M) MHI(M) b(M) |uHI(k|M)|
]2
(8)
with Plin(k) being the linear matter power spectrum.
For computing the power spectrum of the optical galaxies in
the survey, we use the expression:
Pgal(k, z) = Pdm(k, z) b
2
gal(k, z) (9)
where Pdm is the dark matter power and the b2gal(k, z) de-
notes the galaxy-galaxy bias factor. This factor changes according
to the survey and the type of galaxies under consideration. This
(scale-dependent bias) is modelled following the parameters given
by Amendola et al. (2015) which is based on theQ-formula of Cole
et al. (2005):
bgal = bgal,lsb0
(
1 +Qk2
1 +Ak
)1/2
(10)
where the values b0 = 1.3, A = 1.7, Q = 4.6 are assumed not
to vary with redshift. The bgal,ls term depends on the survey under
consideration.
The angular power spectrum on the sky for HI is computed by
using the standard result:
C`,HI(z, z
′) =
2
pi
∫
dz˜ WHI(z˜)
∫
dz˜′W ′HI(z˜
′)
×
∫
k2dk 〈δHI(k, z)δHI(k′, z′)〉j`(kR(z˜))j`(kR(z˜′)), (11)
In the above expression, 〈δHI(k, z)δHI(k′, z′)〉 is the ensemble av-
erage of the HI density fluctuations at (k, z) and (k′, z′) respec-
tively. This is, in general, not expressible purely in terms of the
power spectrum of HI as defined above, PHI(k, z) evaluated at ei-
ther of {z, z′} since the density field evolves with z. However, in
many cases, one can approximate this as PHI(k, zm) where zm is
the mean redshift of the given bin. In what follows, we use z and
zm interchangeably.
In the above expression, the WHI,W ′HI are the HI window
functions at the redshifts z and z′, taken to be uniform across the
redshift bin considered, and R(z) is the co-moving distance to red-
shift z. We use a top hat window function WHI(z) with a width of
∆z = 0.5.
For a generic galaxy survey, calculation of the angular power
spectrum yields the expression:
C`,gal(z, z
′) =
2
pi
∫
dz˜ Wg(z˜)
∫
dz˜′W ′g(z˜
′)
×
∫
k2dk Pgal(k, z)j`(kR(z˜))j`(kR(z˜
′)), (12)
The dark matter power spectrum for linear scales can alternatively
be written as Pdm(k, z) = Pdm(k, 0)D2(z) where D(z) is the
growth factor for the dark matter perturbations whose power spec-
trum is normalized such that D(0) = 1. The window function for
the galaxy survey, Wg, can be different from that of the HI, and
depends on the details of the selection function (usually denoted by
φ(z)) of each survey. Parametrized forms for φ(z) are available for
different galaxy surveys and usually follow a standard functional
form (Smail et al. 1995):
φ(z) ∝ zα exp(−(z/z0)β) (13)
where α, β and z0 are fitted from the galaxy counts data in different
redshift bins. Once φ(z) is known, we derive the window function
for the survey as:
Wg(z) = φ(z)/
∫ zmax
zmin
φ(z)dz (14)
where zmin and zmax are the redshift edges of the survey. This en-
sures that the window function is normalized, i.e.∫ zmax
zmin
Wg(z)dz = 1 (15)
The calculation of the angular power spectra above, both for
HI and for galaxies, can be simplified on using the Limber approx-
imation (Limber 1953) which is a good approximation in the large
` (` > 50) limit. The expression can be shown to reduce to:
C`,HI/gal =
1
c
∫
dz
WHI/gal(z)
2H(z)
R(z)2
PHI,gal[`/R(z), z] (16)
.
The cross-correlation signal is then calculated as:
C`,× =
1
c
∫
dz
WHI(z)Wgal(z)H(z)
R(z)2
(PHIPgal)
1/2 (17)
where the arguments of both power spectra (PHI and Pgal) are at
[`/R(z), z]. Noise in the HI intensity mapping survey, for the
MeerKAT-like and SKA I MID-like configurations, is calculated
using the standard expression assuming the interferometer array to
operate in the single-dish autocorrelation mode (e.g., Knox 1995;
Ballardini & Maartens 2019):
N`,HI =
(
Tsys
T¯ (z)
)2(
λobs
Ddish
)2(
1
2Ndishtpix∆ν
)
W 2beam(`)
(18)
In the above expression, Ndish denotes the number of interferome-
ter dishes, each assumed to have the diameterDdish, and λobs is the
observed wavelength. The T¯ (z) is the mean brightness temperature
at redshift z defined by:
T¯ (z) ' 44 µK
(
ΩHI(z)h
2.45× 10−4
)
(1 + z)2
E(z)
(19)
where E(z) = H(z)/H0 is the normalized Hubble parameter at
that redshift. The Tsys is the system temperature, calculated fol-
lowing Tsys = Tinst + 60 K (ν/300 MHz)−2.5 where Tinst is
the instrument temperature and ν is the observing frequency. The
quantity W 2beam(`) denotes the beam window function due to the
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finite angular resolution of the instrument operating in single-dish
mode (e.g., Pourtsidou et al. 2016a,b), and is given by:
W 2beam(`) = exp
[
`(`+ 1)θ2B
8 ln 2
]
(20)
where θB ≈ λobs/Ddish is the beam FWHM of a single dish.
The integration time per beam is tpix and the ∆ν denotes the
frequency band channel width, which is connected to the tomo-
graphic redshift bin separation ∆z. For the purposes of the noise
calculation, we assume that ΩHI(z)h = 2.45× 10−4, independent
of redshift.
For the CHIME-like experiment we consider, we use the full
interferometric noise expression, which is given by:
N`,CHIME =
4pifsky
FoVnbase(u)npolNbeamttot∆ν
(
Tsys
T¯
)2(
λ2obs
Aeff
)2
.
(21)
In the above equation, Nbeam is the number of independent
beams, and for CHIME, Nbeam = Nf × Ncyl where Nf = 256
is the number of feeds, and Ncyl = 4 is the number of cylinders.
Each is assumed to have the effective area Aeff = ηLcylWcyl/Nf ,
where η = 0.7 , Wcyl = 20 m is the width of each cylinder,
and Lcyl = 100 m is its length. The total integration time, de-
noted by ttot is taken to be 1 year for the CHIME-like survey
considered here. The npol is the number of polarisation channels
(taken to be 2). The baseline number density is nbase(u), express-
ible in terms of the multipole ` via u = `/(2pi). This quantity
is approximated as independent of u up to a maximum baseline
length umax, viz. nbase(u) = N2beam/(2piu
2
max). The umax de-
notes the longest baseline dmax measured in wavelength units,
umax = dmax/λobs, with dmax = 269 m for CHIME (Obuljen
et al. 2018). The field of view for the CHIME interferometer is ap-
proximated as FoV ≈ pi/2 × λ/Wcyl (Newburgh et al. 2014) for
this configuration.
The noise for the galaxy survey is taken to be the (Poisson)
shot noise, calculated as N`,gal = n−1gal,bin(z) where ngal,bin(z) is
the number density of galaxies per steradian in the bin centred at
redshift z. Given the selection function of the galaxies, φ(z) de-
fined in Eq. (13), this quantity is computed as:
ngal,bin(z) =
∫ z+∆z/2
z−∆z/2
φ(z′)dz′ (22)
Finally, the variance of the forecasted angular power spectrum
is calculated as:
(∆C`,×)
2 =
1
(2`+ 1)∆`fsky,×[
(C`,HI +N`,HI) (C`,gal +N`,gal) + C
2
`,×
]
(23)
In the above expression, the quantity fsky,× denotes the sky
coverage of the overlap between the surveys. For simplicity, an
optimistic complete overlap is assumed, and hence throughout
this work, fsky,× denotes the smaller of the two sky coverages
of the galaxy and HI redshift survey respectively. We use 15 `-
bins between ` = 1 and ` = 1000, logarithmically spaced with
∆ log10 ` = 0.2.
We use a Fisher forecasting formalism to place constraints
on the cosmological and astrophysical parameters, given the ex-
perimental configuration under consideration. The Fisher matrix is
computed as follows:
Fij =
∑
`
1
(∆C`,×)2
∂C`,×
∂pi
∂C`,×
∂pj
(24)
Astrophysical Cosmological
log (vc,0/km s−1) 1.56 h 0.71
β -0.58 Ωm 0.28
Q 4.6 Ωb 0.0462
σ8 0.81
ns 0.963
Table 1. Fiducial values of the astrophysical and cosmological parameters
considered. Astrophysical parameters come from the best-fitting values of
the halo model for neutral hydrogen (Paper II), and that of the the galaxyQ
parameter from the ‘blue5’ galaxy sample in Cresswell & Percival (2009).
The cosmological parameters are in good agreement with most available
observations, including the latest Planck results (Planck Collaboration et al.
2013).
where the sum is over the range of `’s probed, and the pi’s denote
the individual parameters.
The following parameters are used for the computation of the
cross-power spectrum of HI and galaxy surveys:
(i) The HI-based astrophysical parameters include vc,0, α, and
β used in the MHI(M) relation, and the two parameters cHI,0 and
γ for the HI profile,
(ii) the galaxy astrophysics contains the three parameters b0, bls,
Q and A used in the large-scale and the scale-dependent part of the
bias respectively, and
(iii) the cosmological parameters are the Hubble parameter h,
the baryon density Ωb, the spectral index ns, the power spectrum
normalization parameter σ8, and the cosmological matter density,
Ωm.
Of the HI astrophysical parameters, only two, viz. the cutoff
and the slope of the HI-halo mass relation, i.e. vc,0 and β are rele-
vant for forecasting with HI intensity mapping surveys (see Paper
I for details). While we use all the galaxy parameters to model the
bias for various surveys, we vary only the parameter Q encoding
the scale-dependence of the bias. Throughout the analysis, the cos-
mology adopted is flat, i.e. ΩΛ = 1 − Ωm. The fiducial values of
the cosmological and astrophysical parameters are listed in Table
1.
For calculating the standard deviations of the various cos-
mological and astrophysical parameters, we use a procedure sim-
ilar to Paper I: we consider equal sized redshift bins of width
∆z ≈ 0.5 each, spanning the desired cross-correlation range in
redshift, and evaluate the Fisher matrices Fij given by Eq. (24)
at the midpoints of each of the bins. The cumulative Fisher ma-
trix for the z−range is derived from tomographic addition of the
bins: Fij,cumul =
∑
∆z∈z Fij , which is the sum of the individual
Fisher matrices, Fij in each of the z−bins of width ∆z contained
between 0 and z. From the cumulative Fisher matrix, the standard
errors in the parameters are computed for various cases. We ignore
the effects of cross-correlations between individual bins and those
between galaxies and HI in adjacent bins.
3 EXPERIMENT COMBINATIONS
For each galaxy survey, the specifications include the large-scale
galaxy bias, bgal,ls, the selection function φ(z) and the total number
density of galaxies, ngal. These as well as the survey properties of
the HI surveys are listed together in Table 2.
MNRAS 000, 000–000 (0000)
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Galaxy HI Cross-correlation
Configuration ng (amin−2) bls,gal Tinst (K) Ndish Ddish (m.) fsky,× zbins
CHIME-DESI 0.33 0.84/D(z) 50 1280 20 0.44 [0.8, 1.2, 1.6]
MeerKAT-DES 8 (1.07− 0.35z)−1 29 64 13.5 0.12 [0.5, 1.0, 1.4]
SKA I MID-LSST 26 1.46(1 + 0.84z) 28 190 15 0.48 [0.082, 0.58, 1., 1.5, 2., 2.3, 3.06]
Table 2. Various experimental configurations considered in this work.
0.5 1.0 1.5 2.0
z
0.00
0.05
0.10
0.15
φ
(z
)
DESI ELG data
Functional form
Figure 1. Redshift selection function constructed from the forecasted num-
ber counts for DESI ELG galaxies in DESI Collaboration et al. (2016),
along with its fitted functional form represented by Eq. (25).
3.1 CHIME and DESI
The redshift coverage of the cross-correlation is 0.8 < z < 1.8.
The CHIME autocorrelation survey runs over z ∼ 0.8 − 2.5.
The DESI sample is assumed to correspond to the Emission Line
Galaxy (ELG) survey 8, with the bias factor bgal,ls = 0.84/D(z)
whereD(z) is the growth factor. The selection function for DESI is
constructed by numerically fitting to the number counts in the ELG
forecasts over z ∼ 0.6− 1.8, Table 2 of DESI Collaboration et al.
(2016). It is found that this selection function can be modelled as:
φ(z) ∝ (z/z∗)2 exp(−(z/z0)β) (25)
where z∗ = 1.96, z0 = 1.14 and β = 4.36. This selection func-
tion, as well as the raw number counts forecasted for DESI ELG
galaxies, are plotted in Fig. 1. The surface number density of galax-
ies is ngal ≈ 0.33 arcmin−2 (corresponding to roughly 1200 galax-
ies per square degree), which is consistent with the estimates for the
numbers of ELG targets in DESI Collaboration et al. (2016).
The observing time tpix is assumed to be 1 hour (per pixel).
The sky coverages for the individual surveys are taken as fsky
(CHIME) = 0.61 (corresponding to 25000 deg2) and fsky (DESI)
= 0.44 (corresponding to 18000 deg2) and the DESI value is as-
sumed for fsky,×. We consider equal-sized redshift bins of width
∆z = 0.5 each.
Plotted in Fig. 2 are the cross-correlation angular power spec-
tra (computed following Eq. (17)) for the CHIME-DESI like con-
figuration at three mean redshifts 0.8, 1.2 and 1.6. At the lowest
8 This is the largest sample of galaxies for which DESI will obtain spec-
troscopic redshifts over z ∼ 0.6− 1.8.
100 101 102 103
`
10−8
10−7
10−6
C
`
z = 0.8
z = 1.2
z = 1.6
Figure 2. Cross-correlation power spectra for a CHIME-DESI like survey,
at the three redshifts of interest. Error bars indicate the expected standard
deviation of the angular power spectrum (Eq. (23)) at the lowest redshift
(z ∼ 0.8).
redshift, the error bars indicating the expected standard deviation
on the power spectrum (from Eq. (23)) are also plotted.
In Fig. 3 are plotted the cumulative fractional errors (com-
bining all the redshifts under construction) on the forecasted cos-
mological and astrophysical (both HI and galaxy) parameters in the
following cases: (a) with fixed cosmology, i.e. without marginaliza-
tion over the cosmological parameters, (b) with fixed astrophysics,
and (c) marginalizing over the galaxy and HI astrophysics, assum-
ing a prior on the astrophysical parameters coming from the cur-
rent knowledge of the HI and galaxy data. The extent of these as-
trophysical priors are plotted in violet. The HI parameters are as-
sumed to have the best-fit standard deviation values constrained
by the presently available data (see Table 3 of Padmanabhan et al.
(2017)).The galaxy parameter Q is taken to have a standard devia-
tion of 1.78, following the discussion for the ‘blue5’ galaxy sample
in Cresswell & Percival (2009).
The left panel of Fig. 3 shows that the constraints in the
CHIME-DESI cross-correlation case improve on the correspond-
ing auto-correlation constraints using a CHIME-like configuration
alone, by factors of about 1.1-2 depending on the cosmological pa-
rameter under consideration (comparing to Fig. 7 of Paper I). It is
notable that this improvement occurs even though the redshift cov-
erage of the cross-correlation is only about half that of the autocor-
relation survey, and illustrates the extent to which adding the galaxy
survey information helps improve the cosmological constraints.
For all the three astrophysical parameters, there is a marked
improvement on the current knowledge of the astrophysics from the
cross-correlation information, as represented by the relative magni-
tudes of the violet and cyan/green bars. The constraints improve by
MNRAS 000, 000–000 (0000)
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h Ωm ns Ωb σ8
0.0
0.1
0.2
0.3
0.4
σ
A
/A
Fixed astrophysics
With astrophysical prior
vc,0 β Q
With astrophysical prior
Original astro prior
Figure 3. Cross-correlation forecasts on astrophysics and cosmology for a CHIME-DESI like survey. Fractional errors, σA/A are plotted with A =
{h,Ωm, ns,Ωb, σ8, vc,0, β,Q}, using information from all the redshift bins available over the combined dataset. The left panel shows the constraints
on the cosmological parameters (i) without marginalizing over astrophysics and (ii) marginalizing over astrophysics but including a prior based on the current
knowledge of the astrophysical parameters. The right panel plots the constraints on the astrophysical parameters for the case of marginalizing over cosmology
but adding the astrophysical prior. The extent of the astrophysical prior assumed is plotted as the cyan band for each case in the right panel.
factors of 3.5, 3.1 and 3.3 respectively compared to their current
priors.
3.2 MeerKAT and DES
Pourtsidou et al. (2016a) discussed the potential for forecasting
lensing convergence parameters with a MeerKAT-DES survey in
the southern hemisphere.9 Here, we explore how such a cross-
correlation survey could potentially constrain the cosmological and
astrophysical (both galaxy bias and HI) parameters as in the previ-
ous case.
The redshift coverage of the survey is taken to broadly cover
z = 0.2 to z = 1.4. (Both DES and MeerKAT cover a similar
redshift range, so the redshift overlap is stronger between these two
surveys.) The sky coverage is assumed to be all of the DES survey,
5000 deg2, thus assuming complete overlap. The galaxy bias for
the DES galaxies is given by the fitting formula (Chang et al. 2016;
Pujol et al. 2016): b−1gal,ls = 1.07 − 0.35z. The redshift selection
function for the DES galaxies is taken to have the form (e.g., Crocce
et al. 2011):
φ(z) ∝
( z
0.5
)2
exp
(
−
( z
0.5
)1.5)
(26)
The surface number density of the DES galaxies under considera-
tion is ngal = 8 arcmin−2, consistent with the estimates in Becker
et al. (2016).
The fractional errors on the parameters considered are plotted
in Fig. 4. Errors in the ’fixed astrophysics case’ remain essentially
unchanged from those with the astrophysical prior. The constraints
on the cosmological parameters are of the same order of magni-
tude as those from the MeerKAT autocorrelation survey. The astro-
physical constraints improve over the current knowledge of these
9 The MeerKLASS (MeerKAT Large Area Synoptic Survey; Santos et al.
2017) proposes to investigate galaxy evolution and cosmology using a 4000
deg2 overlap with the Dark Energy Survey (DES).
parameters as seen by the relative magnitudes of the cyan and the
green bars, by factors of about 1.5-2 for vc,0, β and Q respectively.
3.3 SKA I MID and LSST
The Large Synoptic Survey Telescope (LSST) survey parameters
are taken to be (LSST Science Collaboration et al. 2009), see also
Chang et al. (2013); Ferraro & Hill (2018): (i) the galaxy sur-
face number density n = 26 arcmin−2, and (ii) large scale bias
bgal,ls = 1.46(1+0.84z). The redshift coverage is from z ∼ 0−3
which spans both the SKAI-MID (B1 and B2) bands. The redshift
selection function of the survey is taken to be (Chang et al. 2013):
φ(z) ∝ z1.28 exp
(
− z
0.41
)0.97
(27)
The sky coverage of LSST is assumed to be 20000 deg2 and that of
the SKA-I is 25000 deg2, and hence the LSST coverage is used for
calculating fsky,× (assuming complete overlap).
This configuration leads to the tightest constraints on all the
cosmological and astrophysical parameters as shown in Fig. 5, with
all relative errors being about a few percent. It also leads to an sub-
stantial improvement in the astrophysical constraints as compared
with those from the present data.
The relative errors on the cosmological parameters reach val-
ues down to ∼ 0.01 with this configuration. Constraints on h, σ8
and ns with the astrophysical prior improve by factors of a few to
ten, compared to the corresponding values from the SKA I - MID
like autocorrelation survey alone (shown in Paper I), while those
on Ωm and Ωb improve by factors 2-5. Further, the astrophysical
parameters improve over their current priors by factors of 2.7, 2.8
and 3.3 for vc,0, β and Q respectively.
4 CONCLUSIONS
In this paper, we have explored combining upcoming HI inten-
sity mapping surveys with wide field galaxy optical surveys to im-
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Figure 4. Same as Fig. 3, for a MeerKAT-DES like survey.
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Figure 5. Same as Fig. 3, for an LSST-SKA like survey.
prove available constraints on astrophysical and cosmological pa-
rameters over z ∼ 0 − 3 in the post-reionization universe. Us-
ing the ΛCDM cosmological parametrization, a halo model frame-
work for HI driven by currently available data, and available opti-
cal galaxy parametrizations, we have studied the extent to which
these constraints improve over their current uncertainties due to
cross-correlation measurements. We also note the improvement in
the constraints compared to those from the corresponding HI auto-
correlation surveys alone.
For all three survey cases considered (a CHIME-DESI-like
survey in the northern hemisphere, and (ii) a MeerKAT-DES-like
and LSST-SKA-like survey in the southern hemisphere), we find
that the cross-correlation leads to improvements in measurement
of both astrophysical and cosmological parameters, though the ex-
tent of improvement depends on the parameter under considera-
tion. The significant benefit of cross-correlation (particularly in the
MeerKAT-DES-like and CHIME-DESI-like configurations) lies in
the improvement of astrophysical constraints. The halo model
framework allows us to place realistic priors on the HI astrophysics
from the currently available data. With the LSST-SKA combina-
tion, all the parameter constraints (both astrophysical and cosmo-
logical) reach levels below about 20 percent, even without the as-
sumption of cosmological priors.
The astrophysical forecasts for the HI and galaxy parameters
improve substantially (by factors of a few) over their current pri-
ors, with the help of the cross-correlation measurements. This holds
even in the presence of the additional galaxy parameter Q, which
is seen to have comparable constraints though its prior knowledge
is assumed to be more uncertain. The cosmological forecasts im-
prove by factors of about a few (depending on the configuration)
over those from the corresponding autocorrelation surveys alone.
We note that the foregrounds, which may be the limiting sys-
tematic, are excluded from the noise calculation in the present
study. However, in the case of cross-correlation measurements, the
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foregrounds for the two individual probes are expected to be signif-
icantly uncorrelated and thus lead to negligible effects (as shown
for the case of non-smooth foregrounds in 21 cm cross correla-
tions with LBG surveys in, e.g Villaescusa-Navarro et al. 2015).
Recent studies (Cunnington et al. 2019; Modi et al. 2019; Breysse
et al. 2019) describe ways in which the signal, in the presence of
foregrounds, may be reconstructed from 21 cm intensity mapping
data cross-correlated with other tracers, such as the CMB or optical
(both spectroscopic and photometric) galaxy surveys. A couple of
caveats in this respect, however, are worth mentioning.
(i) First, we know that 21 cm experiments in autocorrelation
suffer from bright foregrounds, which must be removed effectively,
leading to a loss of low-k modes (this effect is particularly promi-
nent for the low-k modes in the radial direction, which correspond
to the largest scales). Hence, these Fourier modes are likely to be
lost from the survey information, even if systematic biases caused
by foregrounds can be disregarded.
(ii) We have not explicitly modelled the effects of the galaxy
photo-z errors in the present analysis. Since fairly broad redshift
bins are used (with ∆z ∼ 0.5), the effect of these errors may be
largely mitigated for the case of the galaxy-galaxy autocorrelation.
However, if foreground filtering results in the removal of radial
modes in the 21 cm surveys up to some maximum (as described
in the previous point), then there may be little overlap between the
21 cm radial modes and the galaxy radial modes that remain for
the cross-correlation. This effect may need careful treatment when
foreground cleaning or avoidance is being considered.
Just as in the previous study with auto-correlation data alone
(Paper II), we see that the overlap in redshift coverage is extremely
important in tightening forecasts (due to more information coming
from the addition of independent tomographic bins). Also, choos-
ing similar sky area overlap between the HI and galaxy surveys
(presently assumed to have complete overlap) would lead to better
constraints on the parameters. Extending these approaches towards
intensity mapping with other emission lines (CO, CII) would en-
able us to potentially form a comprehensive picture of galaxy evo-
lution at the scales of the ISM. Ultimately, combining both auto-
and cross-correlation forecasts, possibly with cosmological priors
from present and future CMB experiments, would provide the tight-
est possible constraints exploiting the synergy of CMB, HI and
galaxy surveys. This would be a powerful tool to explore more pa-
rameters in cosmological models such as e.g., testing modifications
to general relativity at the largest scales (e.g., Hall et al. 2013) with
future wide-field surveys.
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